A divergent selection experiment for the environmental variability of litter size (Ve) over seven generations was carried out in rabbits at the University Miguel Hern andez of Elche. The Ve was estimated as the phenotypic variance within the female, after correcting for year-season and parity-lactation status. The aim of this study was to analyse the correlated responses to selection in litter size components. The ovulation rate (OR) and number of implanted embryos (IE) in females were measured by laparoscopy at 12 day of the second gestation. At the end of the second gestation, the total number of kits born was measured (TB). Embryonic (ES), foetal (FS) and prenatal (PS) survival were computed as IE/OR, TB/IE and TB/OR, respectively. A total of 405 laparoscopies were performed. Data were analysed using Bayesian methodology. The correlated response to selection for litter size environmental variability in terms of the litter size components was estimated as either genetic trends, estimated by computing the average estimated breeding values for each generation and each line, or the phenotypic differences between lines. The OR was similar in both lines.
| INTRODUCTION
Interest in the genetic determination of environmental variance is increasing because the livestock industry is demanding more homogeneous production (Mulder, Bijma, & Hill, 2008) ; for example, increasing uniformity in rabbit litters can both help management and increase litter viability. On the other hand, a decrease in environmental variance will increase the heritability, which is particularly interesting for increasing the response to selection in low heritability traits, such as litter size (Argente, Garcia, Muelas, Santacreu, & Blasco, 2010; Formoso-Rafferty, Cervantes, Ib añez-Escriche, & Guti errez, 2017) . A direct divergent selection experiment for the environmental variance of litter size is being carried out in rabbits and has shown success by producing a difference for litter size variability of 30% between divergent lines (Blasco, Mart ınez-Alvaro, Garc ıa, Ib añez-Escriche, & Argente, 2017) . The environmental variance of litter size is related to litter size, but the sign of this relationship is controversial. In both pigs' litter size and in rabbits' uterine capacity, Yang, Christensen, and Sorensen (2011) found that after the Box-Cox transformation, the relationship between the mean and environmental variance changed from negative to positive. Hence, it was interesting to learn how this selection process affects litter size and to determine the gestation moment at which the selection process is acting. The objective of this study is to analyse the correlated responses to selection for litter size environmental variability in litter size components.
| MATERIALS AND METHODS

| Animals
A divergent selection experiment for the environmental variability of litter size was carried out in rabbits over seven generations. Each divergent line had approximately 125 females and 25 males per generation. Selection was based on the phenotypic variance of litter size within the female, after correcting litter size for both year-season and paritylactation status (first parity, and lactating or not at mating in other parities). Because all litters have almost the same genetic determination and the same environmental permanent effects (Piles, Garc ıa, Rafel, Ramon, & Baselga, 2006) , after correcting for the systematic effects, the phenotypic variance intra-doe is a record of its residual variance (Ve). The selection pressure on females was approximately 20% in each line. Males were chosen from within sire families to avoid an increase in inbreeding. All animals were kept on a farm at the Miguel Hern andez University of Elche (Spain). The rabbits were fed a standard commercial diet (218 g acid detergent fibre and 174 g crude protein per kg of dry matter; Cunilactal, Nutreco, Las Palas, Murcia, Spain). Food and water were provided ad libitum. Females were kept in individual cages under a constant photoperiod of 16 hr of continuous light and 8 h of continuous darkness, with ventilation controlled. They were first mated at 18 week of age and at 10 day after parturition thereafter. The litters were not standardized. All experimental procedures involving animals were approved by the Miguel Hern andez University of Elche Research Ethics Committee (Reference number DTA-MJA-001-11), in accordance with Council Directives 98/58/EC and 2010/63/EU.
| Traits
The ovulation rate (OR), recorded as the number of corpora lutea in both ovaries, and the number of implanted embryos (IE), recorded as the number of implantation sites, were measured using laparoscopy at day 12 of second gestation in females from the sixth and seventh generations of selection. The laparoscopy technique is described in detail by Argente, Blasco, Ortega, Haley, and Visscher (2003) . At the end of the second gestation, litter size was measured as the total number of kits born at second parity (TB). Embryonic survival (ES) was computed as IE/OR, foetal survival (FS) was computed as TB/IE, and prenatal survival (PS) was computed as TB/OR.
Data from 405 laparoscopies and litter size at second parity were analysed. There were 2,082 records for litter size residual variance. The total number of animals in the pedigree was 2,775.
| Statistical analyses
The correlated response in litter size at second parity and its components was estimated as the differences between the lines in the sixth and seventh generations. The differences between the lines were analysed using a liner model with the effects of line-generation, lactation status at mating (lactating or non-lactating), and year-season.
The correlated response to selection was also estimated by computing the average estimated breeding values for each generation and each line. Bivariate animal models were fitted to estimate the genetic parameters and genetic responses. All analyses included the selection trait of litter size residual variance. The model for litter size residual variance included the generation and additive genetic effects. The generation effect considers the systematic environmental factors of each generation and is equivalent to a year-season effect. For the rest of the traits, the model considered the systematic effects of lactation status at mating (lactating or non-lactating) and year-season as well as the additive genetic effect of the animal.
For the bivariate model, the traits were assumed to be conditionally normally distributed as follows:
where b 1 and b 2 are the random vectors, including the effects of generation, lactation status at mating and yearseason, a 1 and a 2 are vectors of individual additive genetic effects, X, and Z are known incidence matrices and R is the residual (co)variance matrix. Between individuals, only the additive random effects are assumed to be correlated. Between traits, the additive and the residual effects are assumed to be correlated. Sorting the data by individual, the residual (co)variance matrix can be written as R 0 ⊗ I n , with R 0 being the 2 9 2 residual (co)variance matrix between the traits analysed and I n being an identity matrix of appropriate order. Bounded uniform priors were used to represent the vague previous knowledge of b 1 and b 2 . Prior knowledge on the additive effect was represented by assuming that they were normally distributed, conditional on the associated (co)variance components, as follows:
where 0 is a vector of zeros and G is the genetic (co)variance matrix. Sorting the data by individual, the matrix G could be written as G 0 ⊗ A, in which G 0 is the 2 9 2 genetic and A is the known additive genetic relationship matrix. Bounded uniform priors were used for the components of the (co)variance matrices R 0 and G 0 . Bayesian analyses were performed. The features of the marginal posterior distributions were estimated using Gibbs sampling. For the differences between the lines, after some exploratory analyses, we used a chain of 60,000 samples, with a burn-in period of 10,000. Only one of every 10 samples was saved for inferences. For the genetic analyses, we used a chain of 1,000,000 samples and a burn-in of 500,000. Only one of every 100 samples was saved for inferences.
The Rabbit program developed by the Institute for Animal Science and Technology (Valencia, Spain) was used to analyse the differences between lines (more details about its features are given at http://www.dcam.upv.es/dcia/ablasc o/Programas/THE PROGRAM Rabbit.pdf). The TM program developed by Legarra, Varona, and L opez de Maturana (2008) was used for the genetic analyses. Convergence was tested using the Z criterion of Geweke (Sorensen & Gianola, 2002) . Monte Carlo sampling errors were computed using the time-series procedures described by Geyer (1992) . For all of the Bayesian analyses, the Monte Carlo standard errors were small, and a lack of convergence was not detected by the Geweke test.
| RESULTS AND DISCUSSION
| Genetic and phenotypic parameters
For all of the traits analysed, the Monte Carlo SE were small. The Geweke test did not detect a lack of convergence in any case. The mean and median were similar for all of the traits, which indicates that in all cases, the marginal posterior distributions were symmetric; therefore, only median values were provided in the tables.
The features of the estimated marginal posterior distributions of the heritabilities for traits are summarized in Table 1 . Estimates of the heritabilities were moderate for OR, IE and ES (0.33, 0.26 and 0.25, respectively) , with a 100% probability for OR, 97% for IE and 98% for ES being at least 0.10. The litter size at the second parity had a low heritability (0.13 for TB) and was similar to the heritabilities of FS and PS (0.09 in both traits). Heritability was higher in the traits that determine the success of pregnancy in the early stages than it was in those that act at the end stages. The estimated heritabilities for OR, IE, ES, FS, PS and TB were within the range reported by other studies in rabbits (Argente, Santacreu, Climent, & Blasco, 2000; Blasco, Santacreu, Thompson, & Haley, 1993; Garreau, Piles, Larzul, Baselga, & Rochambeau, 2004 ; Ib añez, Santacreu, Mart ınez, Climent, & Blasco, 2006; Ziadi, Moc e, Laborda, Blasco, & Santacreu, 2013) and in pigs (Johnson, Nielsen, & Casey, 1999; Rosendo, Druet, Gogue, & Bidanel, 2007; Ruiz-Flores & Johnson, 2001) .
The features of the estimated marginal posterior distributions of the genetic correlations are shown in Table 2 . In general, genetic correlations were estimated with large HPD 95% (Table 2) . To obtain genetic parameters with greater precision, a larger set of data would be needed. However, the nature of these types of experiments, which requires the use of techniques such as laparoscopy or slaughter, precludes the collection of large data sets. For this reason, we can often only draw conclusions about the sign of these genetic correlations. Accordingly, the posterior medians of the genetic correlation between the selection criterion (Ve) and IE, ES, PS and TB showed a large HPD 95% (Table 2 ). However, we can conclude that these values were all negative because their probabilities of being negative were always higher than 90% (see p in Table 2 ). The genetic correlations between Ve and both OR and FS exhibited greater imprecision, as observed in their large credibility intervals. Their p does not allow us to infer about their signs, and due to the large HPD 95% , we cannot make any inferences about their size.
The features of the estimated marginal posterior distributions of the phenotypic correlations are also summarized in Table 2 . Generally, the phenotypic correlations showed the same sign as their genetics correlation but with a higher T A B L E 1 Features of the marginal posterior distributions of heritability for ovulation rate (OR), number of implanted embryos (IE), total number of kits born at second parturition (TB), embryonic survival (ES), foetal survival (FS) and prenatal survival (PS) accuracy (see HPD 95% , Table 2 ). All traits exhibited a low negative phenotypic correlation with the selection criterion (Ve), except for OR, which had a positive phenotypic correlation, although it was low. Selection for environmental variance has been proposed under complex models (San Cristobal, Elsen, Bodin, & Chevalet, 1998), but these models' robustness and effectiveness have been questioned (Sorensen, 2010) . In this regard, Yang et al. (2011) showed that small deviations from normality in the residuals can substantially change the estimated genetic parameters and found that the coefficient of correlation between the trait and its variability changed the sign, as observed for pigs' litter size after a Box-Cox transformation to normalize the residuals. To avoid the possible mathematical artefacts of complex models, we successfully performed a divergent selection experiment in rabbits that directly considered environmental variance . This is the first time that environmental variance has been treated as an observed trait and that the consequences that this selection process had on litter size components have been examined. Our results showed a negative correlation between litter size variability with both the number of implanted embryos and litter size. This is in agreement with the results of Ib añez-Escriche, Sorensen, Waagepetersen, and Blasco (2008) , who reported a negative correlation between uterine capacity and its residual variability in rabbits, a trait that is highly correlated with litter size (Argente et al., 2000) . Table 3 shows the phenotypic differences between the high and low lines for all traits in the sixth and seventh generations of selection. The ovulation rate was similar in both lines in the last two generations of selection. For the number of implanted embryos, the low line had 0.61 more embryos at implantation and a higher embryonic survival than did the high line (0.04) in the sixth generation of selection. The probability of that specific difference being greater than zero was high (p = .93 and p = .92, respectively). Furthermore, these differences were greater in the seventh generation of selection (1.23 for number of implanted embryos, p = 1.00; and .08 for embryonic survival, p = .99). HPD 95% , highest posterior density interval at 95%; p, probability of the correlation being greater than 0 when the median is positive or less than 0 when the median is negative. k 80% : limit for the interval [k, +1] when the median is greater than 0 and [À1, k] when the median is less than 0 at 80% of probability. Ve, residual variance of litter size; OR, ovulation rate; IE, number of implanted embryos; ES, embryonic survival; FS, foetal survival; PS, prenatal survival; TB, total number of kits born at second parturition.
| Correlated response to selection
T A B L E 2 Features of the posterior distributions of genetic and phenotypic correlation
T A B L E 3 Correlated response. Features of the estimated marginal posterior distribution of the differences between the high and low lines in the sixth (G6) and seventh (G7) generations of selection In a Bayesian context, several confidence intervals can easily be estimated. We provided intervals [k, +∞), where k could be interpreted as a guaranteed value with a determined probability (Blasco, 2005 (Blasco, , 2017 . The guaranteed value at 80% probability was 0.83 for the number of implanted embryos and 0.05 for embryonic survival in the seventh generation of selection. This meant that the correlated response in these traits was at least 0.83 and 0.05, respectively, with 80% probability. Foetal survival was also greater in the low line than in the high line (0.06, p = .95 in the sixth generation; .04, p = .86 in the seventh generation). Further, litter size at second parity was consistently higher in the low line than in the high line. In the seventh generation of selection, the difference in litter size between the low and high lines was 1.30 kits (p = .99), with a guaranteed value of .85 kits at an 80% probability. Figures 1 and 2 show the evolution of the genetic trends for litter size at second parity and its components in the high and low lines. Except for OR, the lines increased in divergences for the remaining traits as the selection process advanced. We note that in the last generation of selection, the differences in the genetic means between lines showed similar values to the phenotypic differences in all analysed traits (0.11 ova in OR, 1.09 embryos in IE, 1.01 kits in TB, 0.07 in ES, 0.03 in FS and 0.06 in PS). The correlated response to selection can be estimated as the phenotypic differences between lines and as the genetic trends from the estimated genetic means. All methods based in genetic trends (BLUP-REML or Bayesian methods) are model dependent, and the genetic trends directly depend upon the genetic parameters used (Sorensen & Johansson, 1992; Thompson, 1986) . The advantage of considering the simple difference between the high and low lines is that they are independent of any model, regardless of whether there are major genes, dominance or other effects. In this study, we reported that the phenotypic differences are coincident with the estimates based in a genetic model. Therefore, this would corroborate the model used.
It appears that the response to selection has some asymmetry, showing the high line with a higher response to selection for litter size components. Blasco et al. (2017) also reported some asymmetric responses for the selected trait, litter size residual variance, after ten generations of selection. There are many reasons that can explain the asymmetrical response to selection (Falconer & MacKay, 1995) , but in our case, the actual selection pressure was higher in the high line , which would naturally lead to an asymmetric response.
Homogeneity is an economically important trait in livestock production (Mulder et al., 2008) . In the case of litter size, a reduction in environmental variability can be related to a better adaptation of the animal to environmental changes, with an improvement in welfare to the animal as a positive consequence. After seven generations of selection, we report that selection for litter size variability has a negative correlated response with litter size. Our results show that the difference in litter size between lines was established at implantation. There is evidence that maternal stress around the time of implantation increases the failure rate in blastocyst implantation (Burku s et al., 2015) . Thus, we hypothesize that the line selected for heterogeneity in litter size should be more sensitive to stress and diseases than the homogeneous line. In this regard, Argente et al. (2014) found a lower immune response to pathogenic agents in females from the heterogeneous line, thus showing a greater sensitivity to diseases. This would be in agreement with a large number of embryonic losses around implantation in this line.
In conclusion, selection for litter size variability showed a negative correlated response in embryonic survival, which continued at birth for litter size.
